A tryptophanyl-transfer ribonucleic acid (tRNA) synthetase (L-tryptophan:t-RNA ligase adenosine monophosphate, EC 6.1.1.2) mutant (trpSl) of Bacillus subtilis is derepressed for enzymes of the tryptophan biosynthetic pathway at temperatures which reduce the growth rate but still allow exponential growth. Derepression of anthranilate synthase in a tryptophan-supplemented medium (50 ,g/ml) is maximal at 36 C, and the differential rate of synthesis is 600-to 2,000-fold greater than that of the wild-type strain or trpSl revertants. A study of the derepression pattern in the mutant and its revertants indicates that the 5-fluorotryptophan recognition site of the tryptophanyl-tRNA synthetase is an integral part of the repression mechanism. Evidence for a second locus, unlinked to the trpSl locus, which functions in the repression of tryptophan biosynthetic enzymes is presented.
The aminoacyl-transfer ribonucleic acid (tRNA) synthetases (synthetases) represent one of the basic elements of a cell's protein-synthesizing machinery. Their main function is to catalyze the coupling of a specific amino acid with its cognate tRNA. In addition to this indispensable role, these enzymes have been strongly implicated as agents which regulate the synthesis of their corresponding amino acid biosynthetic enzymes (9, 26, 31, 34) . Eidlic and Neidhardt (9) and Roth and Ames (34) demonstrated that mutants of Escherichia coli and Salmonella typhimurium possessing an inactive synthetase or one having decreased affinity for histidine-or valine-accepting tRNA (tRNAvaI) exhibited marked derepression of the histidine or valine biosynthetic enzymes, respectively. The tryptophan biosynthetic enzymes are derepressed in tryptophanyl-tRNA synthetase (TRS) mutants of E. coli (19, 20) , and the synthetases have also been implicated as controlling elements of the biosynthesis of branched-chain amino acids (1, 5, 23) and tyrosine (14) . Similar modes of control have been observed in eukaryotic organisms for an isoleucyl-tRNA synthetase mutant of Saccharomyces (26) and a TRS mutant of Neurospora (30) .
Evidence from studies of the control of histidine biosynthesis in S. typhimurium indicates that the regulation of this pathway is achieved (at least in part) by the capacity of the synthetase to govern the level of charged tRNAIIS (21) . In two systems (histidine and the branchedchain amino acids), a specific interaction has been demonstrated between charged tRNA and the enzymes which carry out the first steps in the biosynthetic pathway (13, 38) . On the other hand, studies by Mosteller and Yanofsky (27) suggest that the control of the tryptophan pathway in E. coli is not exercised via charged tRNAtrP, whereas Ito (17) has obtained evidence which indicates that the TRS participates in some way with the product of the trpR regulatory gene in the repression of tryptophan biosynthesis.
A tryptophanyl-tRNA synthetase mutant (Ltryptophan: tRNA ligase adenosine monophosphate, EC 6.1.1.2) of Bacillus subtilis was recently isolated which, as a result of a singlepoint mutation, is temperature sensitive (at 42 C) as well as resistant to 5-fluorotryptophan (5FT) (37) . The work reported here describes the consequences of the mutation on the regulation of tryptophan biosynthesis and indicates that the presence of an intact and functional TRS is required for repression of the tryptophan pathway in Bacillus. There are several reasons why this system was chosen for study. First, the structural genes coding for those enzymes involved in the synthesis of tryptophan are known to be co-transferred by a single piece of forming deoxyribonucleic acid (DNA) and represent a genetic regulatory unit (2, 15) . Second, only one codon is known which specifies tryptophan, and evidence to date indicates that only one tryptophan-accepting tRNA exists in vegetative cells of B. subtilis, although a second species is found in spores of this organism (39) . Thus, one avoids the complication of the existence of a series of iso-accepting tRNA species of which only one or several function(s) in regulation whereas others participate in protein synthesis.
MATERIALS AND METHODS Bacterial strains. The bacterial strains used in this study are listed in Table 1 . All strains are derivatives of B. subtilis 168 M. The isolation of the TRS mutant (trpSI) and revertants of this strain has been described previously (37) .
Media. For derepression experiments, cells were grown with aeration in the glucose minimal medium (MG) described by Spizizen (36 Transformation and transduction. The methods and media employed for genetic manipulations have been described previously (37) .
Procedures for the derepression of the tryptophan biosynthetic enzymes. Cells were grown at 30 (37) . ' Spontaneous revertants of GSY 1306 were selected at 42 C as described previously (37) . (35) . The 1-ml reaction mixture contained 100 ,mol of potassium phosphate (pH 7.8), 500 umol of KCl, 80 jsmol of L-serine, 40 nmol of pyridoxal phosphate, and 400 nmol of indole. One unit of activity is that amount of enzyme which converts 1 nmol of indole per h at 37 C.
For both anthranilate synthase (AS) and tryptophan synthetase (TS), the differential rate of enzyme synthesis (dE/dB) is expressed as the slope of the curve generated when enzyme units per milliliter of culture is plotted against the increase in bacterial mass (optical density). In all cases the protein concentration was directly proportional to the OD of the culture.
Assay for tryptophanyl-tRNA synthetase. TRS activity was determined either by the L-tryptophandependent exchange of 32P-labeled pyrophosphate with adenosine triphosphate (ATP), or by the ATPdependent attachment of L-tryptophan to tRNA (37) .
Chemicals. The chorismic acid was purified by the procedure of Gibson (11) and was a generous gift of Ronald Bauerle. L-[14C Jtryptophan (17. 1 mCi/mmol, side-chain label) and 32P-labeled sodium pyrophosphate were obtained from New England Nuclear Corp. (Boston, Mass.). Amino acids, 5FT, 5-methyl tryptophan (5MT), and pyridoxal phosphate were purchased from Calbiochem.
RESULTS

Derepression of AS and TS in trpSl and
wild-type strains. An examination was made of the in vivo levels of two of the tryptophan biosynthetic enzymes, AS and TS, under conditions of tryptophan limitation at 30 C, the permissive temperature. Both the wild-type (GSY266) and trpSl (GSY1306) strains are characterized by an "overshoot" phenomenon (12) (Fig. 1 ). There is a period of accelerated enzyme formation with the enzyme content rising above normal cell levels within a fraction of a generation. The maximal specific activities (enzyme units per milligram of protein) are In the wild-type strain, these initially high levels decline to near steady-state values by the second generation. In the mutant strain, a noticeable decline in AS specific activity is not observed until near the end of the second generation. At the peak period, there is almost a twofold difference in the TS and a fourfold difference in the AS specific activities between the two strains.
During the first generation of growth after shifting strains to the tryptophan-free medium, there is a dramatic difference between the growth responses of the two strains (Fig. 2) . Whereas the wild-type strain shows a constant rate of growth after the medium shift, the mutant grows at 40% of its final growth rate for approximately 1/3 of a generation. Subsequently, the rates of growth for both strains are equivalent. A possible explanation for this re- sult and the extended overshoot observed in Fig.  1 is that internal tryptophan levels, after the transfer to the tryptophan-free medium, are reduced below the physiological Km of the mutant TRS, thereby reducing the rate of protein synthesis. After 1/3 of a generation, when AS and TS specific activities are rising sharply and presumably tryptophan pools have been replenished, this limitation on cell growth is overcome. However, the extended overshoot ( Fig. 1) indicates that the tryptophan pool size does not reach physiologically repressing levels until after the second cell division.
On the basis of these results, it was inferred that the trpSl strains were significantly different from the wild type in their control of the levels of tryptophan biosynthetic enzymes. There was a distinct difference with regard to the kinetics of derepression although the steady state enzyme levels did not differ by more than a factor of 1.3 ( Fig. 1) .
Effect of growth temperature on the level of tryptophan biosynthetic enzymes. It was observed previously that trpSl strains which are prototrophic for tryptophan could grow, though poorly, on MG agar at 42 C, but not in MG liquid. Strains that are trpSl, trpC2 could not grow under these conditions when the minimal agar was supplemented with 10 ,ug of L-tryptophan per ml even though 1 Ag/ml is sufficient for maintaining growth at 30 C (37). These observations, coupled with the fact that tryptophan added to the minimal medium at concentrations greater than 50 ug/ml allowed trpSl strains to grow at 42 C, suggested that at these supraoptimal temperatures the tryptophan biosynthetic pathway was derepressed. Growth on solid media at 42 C could thus be explained as the result of the formation of a high-concentration gradient of tryptophan surrounding the colony; such a gradient being absent in liquid grown cultures.
The premise that tryptophan biosynthetic enzymes were derepressed at 42 C was tested by an examination of the differential rate of AS biosynthesis in the presence of L-tryptophan. The concentration of Trp employed (50 ,Ag/ml) permits exponential growth of the mutant at 42 C and is approximately 10-fold greater than the minimal tryptophan concentration required to fully repress tryptophan biosynthesis in wildtype strains. Both of the trpSl strains (GSY1306 and GSY1307) are derepressed as compared with their corresponding wild-type trpS+ strains, GSY266 and 168M (Fig. 3) . The differential rate of synthesis for the mutant is approximately two orders of magnitude greater that that of the wild type. At 30 C in the identical medium, trpSl strains are fully repressed (Fig. 4) . It would appear then that at supraoptimal temperatures trpSl mutants have lost control over the synthesis of at least one of the tryptophan biosynthetic enzymes. The rate of derepression of AS reaches a maximum at 36 C and then declines sharply (Fig. 4) . At this temperature, the differential rate of AS synthesis in the mutant is three orders of magnitude greater than that of the wild-type strain, which is fully repressed. (Fig. 1 ). However, it should be noted from a comparison of Fig. 1 and Fig. 5 that the specific activity of AS under conditions of temperature induced derepression (36 C) is an order of magnitude lower than the activity produced in response to a tryptophan limitation at 30 C after an extended period of growth.
The addition of chloramphenicol to cultures growing at 36 C completely abolishes enzyme formation (Fig. 6) . Thus, the induction of AS at supraoptimal temperatures is dependent upon protein synthesis and not the result of the activation of, or a conformational change in, the AS enzyme molecule.
The loss of regulatory controls at supraoptimal temperatures presumably affects the entire tryptophan pathway since both AS and TS are coordinately derepressed (Fig. 7) . The extent and impact of this loss of control at 36 C can be ascertained from the results presented in Fig. 8 and Table 2 . The differential rate of enzyme synthesis in strain GSY1306 is two-to sixfold greater at 36 C in the presence of tryptophan than it is for a culture derepressed in a tryptophan-free medium at 30 C. Only exceedingly high levels of exogenous tryptophan can restore the loss of regulatory function at 36 C and then only at concentrations which also inhibit the rate of cell division (Fig. 9) . Presumably this is a result of phenylalanine starvation brought about by tryptophan feedback inhibition of prephenate dehydratase (33), since phenylalanine addition restores the growth rate to that found at low tryptophan levels (50 ,ug/ml). This inhibitory effect of itryptophan on AS dere- pression and cell growth can be partially overcome by methionine (Fig. 9 ). The addition of methionine to cultures growing at 36 C in the presence of 1 mg of tryptophan per ml resulted in a fourfold increase in the differential rate of AS formation when compared with a control culture grown in the absence of methionine (Fig. 9) . It should also be noted that B. subtilis does not possess the enzyme tryptophanase, so that any changes in tryptophan concentration during growth should result from utilization and not its degradation.
TRS activity and the control of AS. The trpSl mutation occupies a single site and is responsible for the formation of an altered TRS which is both temperature sensitive and has a lowered affinity for 5FT (37) . An analysis of the properties of the trpSl mutant and its revertants selected at 42 C gives some indication of the level at which TRS is involved in the control of tryptophan biosynthesis ( (Table 3 ). The VB126 strain is maximally derepressed for AS at 36 C in the presence of 50 ,ug of tryptophan per ml, whereas strain GSY1307 remains fully repressed at this temperature. At 42 C, however, strain GSY1307 has a differential rate of AS synthesis some 500-fold greater than that of the wild-type strain. These two trpSl strains (VB126 and GSY1307) have the same parental genetic background but differ in their mode of preparation (Fig. 10) . Strain GSY1307 was prepared by PBS-1 transduction of a DNA segment extending from at least trpC2 to metB3 (co-transfer of metB3 with trpC2 is 50% with PBS-1 transduction). Strain VB126 was prepared by transformation, relying upon the integration of two separate molecules of DNA (trpC2 and metB3 are unlinked by transformation). The two strains are, therefore, isogenic except for the region extending on either side of and between trpC2 and metB3. It was assumed that the failure of strain GSY1307 to be derepressed at 36 C was attributed to the presence of a gene product which prevented derepression at 36 C but not at 42 C. Extracts of these strains were, therefore, examined for possible differences in enzymes of aromatic amino acid biosynthesis whose structural genes are known to be located in this genetic region (44) . Both strains had the heat-stable form of chorismate mutase described by Lorence and Nester (22) . As judged by heat-inactivation studies, there were no significant differences among the prephenate dehydratases, the prephenate dehydrogenases, and the anthranilate synthases of these two strains. In addition, examination of anthranilate synthase activities from the two strains failed to reveal significant differences with respect to the Km or Vmax for glutamine or chorismate, or the K1 for tryptophan. However, it was found that strain GSY1307 differed from strain VB126 with respect to resistance to 5MT. In the presence of phenylalanine and methionine, both strains grew in 5MT concentrations as high as 500 tsg/ml, but only strain GSY1307 grew at this concentration of 5MT in the absence of phenylalanine and methionine. DISCUSSION Effect of temperature on derepression. The trpSl mutant is shown in this study to be impaired in its ability to exhibit repression of the tryptophan biosynthetic enzymes at supraoptimal temperatures. The data clearly indicate that tryptophan by itself is not a repressor molecule and that it must be acted upon, or at least be recognized, by TRS to produce repression. In addition, this study provides suggestive evidence for the existence of at least one other gene product which is involved in repression.
The involvement of the TRS in the regulation of the tryptophan pathway is the first report of a regulatory role for this class of enzymes in Bacillus. However, it is not unique. Synthetases function in repression control of many biosyn- c In all cases, L-tryptophan was added to the minimal medium at 50 Mg/ml. Auxotrophic requirements were met by the addition of the appropriate amino acid at a concentration of 50 sg/ml. d The rate of TRS inactivation in vitro at 42 C for strain GSY 1353 is sixfold greater than that of the wild-type enzyme (37) .
e -Tryptophan added at 1.5 x 10-2 M.
thetic pathways in both prokaryotic and eukaryotic organisms (29) (30) (31) . In all cases, the evidence for this mechanism was obtained through the isolation of strains having an altered synthetase with resultant derepressed levels of the biosynthetic enzymes for its cognate amino acid. Several of these mutants display derepression only when they are subjected to restrictive temperatures (9, 19) . Thus, one objection to these findings is that the shift to a higher temperature imposes a marked state of unbalanced growth on the bacterial cell (9, 10, 19, 20 (Table 3 and Fig. 4 ) but still 100 times greater than that of the control. This decreased rate of AS synthesis is accompanied by a decrease in the growth rate to about one-third of that of the wild-type strain (Fig. 4) . It is known that the growth rate influences the inactivation or turnover rate of some aminoacyl-tRNA synthetases and that under favorable conditions (e.g., no restriction of amino acids, optimal temperature) there is an excess of synthetase for protein synthesis as well as for repression (3, 29, 32, 42) . Since the synthetases themselves are subject to regulatory controls and the level of turnover for these enzymes may be higher than for other bacterial proteins (3, 32, 42) , it is probable that the trpSI protein was preferentially inactivated at temperatures above 36 C, resulting in a reduced growth rate as well as reduced AS synthesis. This seems likely since strains with the wild-type allele are capable of exponential growth at 50 C. Unfortunately, TRS activity is not measurable in trpSl strains even when cultures are grown at permissive temperatures. It should be noted that medium inactivation as well as temperature-induced inactivation has been observed with the trpS mutant of E. coli (17) .
There are a number of ways in which the Bacillus trpSl mutant differs from other trpS mutants isolated previously in E. coli. First, among all the trpS mutants reported for E. coli, none is resistant to the tryptophan analogues as a result of this mutation (6, 8, 19, 20) . Most of these were isolated because they displayed partial or complete tryptophan auxotrophy in strains diploid for the tryptophan operon. The mutant studied in this report was isolated as a 5FT-resistant, temperature-sensitive mutant capable of growth in a minimal medium devoid of tryptophan. Second, the Bacillus mutant continues to grow exponentially at supraoptimal temperatures, whereas the mutants isolated by Ito et al. (18, 19) and studied further by Ito (17) failed to grow at high temperature and were only partially derepressed. Only when the trpS mutation was placed in a strain with a trpR mutation did the strain become temperature insensitive (17) . The other mutants isolated by Doolittle and Yanofsky (8), Kano et al. (20) , and Camarakis and Pittard (6) were either fully repressed in media heavily supplemented with tryptophan (6, 8) or had tryptophan biosynthetic enzymes produced at low constitutive levels regardless of repressing or derepressing growth conditions (20) . Third, Ito (17) found a 10-fold difference in the differential rate of AS formation between the trpS strain and a control. This rate was much lower than the maximal rate of derepression observed with a tryptophan auxotroph during tryptophan starvation. In the B. subtilis mutant, 600-to 2,000-fold differences in the differential rate of AS synthesis were observed between strains bearing the trpS+ or trpSI alleles growing in high-tryptophan medium (Table 3 and Fig. 4 ). This rate of synthesis is higher than that observed for a wild-type strain grown in tryptophan-free medium at 30 C (Table 2 ). These differences in results between the E. coli and B. subtilis mutants are presumably due in part to the fact that protein synthesis is terminated in the E. coli mutant during the temperature-induced derepression (17) . The two trpS mutants studied by Camarakis and Pittard (6) were not derepressed under temperature conditions in which the trpS mutation caused a decreased growth rate.
Nature of the second controlling locus. The difference between the patterns of enzyme derepression in strains VB126 and GSY1307 at 36 and 42 C (Table 3) along with the different growth responses of these two mutants to 5MT provide suggestive evidence for a second controlling locus. The region extending on the left side of the trpC2 site would appear to be the most likely position for this locus. A 5-methyltryptophan resistance locus (mtr) is linked by transformation with the gene for anthranilate synthase (48 to 61% recombination), but it is not part of the tryptophan gene cluster (28) . The trpSl structural gene itself is unlinked to either mtr, metB3 or the tryptophan biosynthesis genes (37) . Since many mtr strains produce constitutive levels of tryptophan biosynthetic enzymes, this locus has properties which are usually ascribed to a regulatory gene (16, 40) . It is possible that the genetic difference between strains VB126 and GSY1307, leading to derepression at 36 C in one strain but not the other, resides at the mtr site, as suggested by the growth response of these mutants to 5MT. A tentative assumption, therefore, is that the product of the mtr locus interacts with the trpSl protein in the control of tryptophan biosynthesis. Support for such a model comes from several sources. First, Hoch et al. (16) have found an absolute correlation between resistance to 5MT and resistance to 5FT even in strains where tryptophan biosynthesis has been genetically blocked, suggesting that resistance is not due to analogue dilution. Since it is known that 5MT can be incorporated into the proteins of B. subtilis (4) and hence must be attached to tRNAtrP, it is not unreasonable to expect that this simultaneous analogue resistance comes about as a result of an interaction of the products of the mtr and trpS loci. Second, there is genetic evidence from studies of the tryptophanyl-and tyrosyl-tRNA synthetases of E. coli that such an interaction could take place. Ito (17) found that the level of AS produced by a trpS strain was dependent on the allelic state of trpR. Increased derepression of the tryptophan pathway occurred in the double mutant trpS-trpR-over trpR-alone at restrictive temperatures. Furthermore, certain trpR alleles protected trpS-strains from thermal inactivation in mutants with a deletion of the trp operon (17) . Camarakis and Pittard (6) found that when the trpS-and trpR-alleles were present in the same cell the specific activity of AS in a culture grown in nutrient broth was 12-fold higher than that of trpS+ trpR-strains. This combined regulatory effect was also noted by Heinonen et al. (14) for tyrS strains that were not derepressed when grown at restrictive temperatures. It should be noted, however, that the equivalence of the B. subtilis mtr locus and the E. coli trpR and tyrR regulatory genes has not been established.
TRS activity and the control of AS. The predominant evidence to date indicates that for some amino acids to exert their regulatory roles upon the synthesis of their own biosynthetic enzymes they may have to be activated and attached to their respective tRNA molecules (21, 26, 31, 41, 43) . The fact that mutants which are defective in tRNA maturation (7) or tRNA recognition (43) are also derepressed is strong support for this concept. The only example where this control mechanism does not appear to operate is that of the tryptophan pathway in E. coli (27) . In the present study no examination of charged tRNAtrP levels were made. However, the data indicate that the site on the TRS responsible for 5FT resistance is an integral part of the repression mechanism. Whether tryptophan is activated, attached to tRNA, or is simply bound by the enzyme remains to be determined.
